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a b s t r a c t
This study aims at the mechanism of drag reduction in turbulent boundary layer (TBL) with superhy-
drophobic surface. Comparing the time-resolved particle image velocimetry (TRPIV)measurement results
with that of hydrophilic surface, the drag reduction rate over a superhydrophobic surface is approximately
10%. To investigate the characteristics of coherent structure in a drag-reduced TBL with superhydropho-
bic surface, a modified multi-scale spatial locally-averaged structure function is proposed for detecting
coherent structure. The conditional sampling and spatial phase-lock average methods are employed to
obtain the topology of physical quantities like the velocity fluctuation, spanwise vorticity, and Reynolds
stress during eject and sweep process. The results indicate that the suppression of coherent structure
burst in the near-wall region is the key mechanism in reducing the skin friction drag for TBL over super-
hydrophobic surface.
© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).cThe superhydrophobic surface generally refers to special sur-
faces with hydrophobic chemicals and micro/nanoscale surface
roughness, on which the static contact angle of a droplet is usually
above 150° and the contact angle hysteresis is less than 10° [1].
Excellent water repellence property and wizardly self-cleaning
ability are its main features. Thanks to the rapid development of
material science and micro–nano technology, the artificially fabri-
cated superhydrophobic surface has been widely applied to engi-
neering practice. For example, it is used in solar panel surface as
antifouling, it is applied to reduce skin friction for saving pumping
power in pipeline, it can also be applied in underwater vehicle such
as torpedoes for speeding up.
The hydrophobic material prevents the water from stepping
into the region between the peaks of the roughness, resulting in a
shear-free air–water interface. The surprising performance of the
superhydrophobic surface has attractedmuch attention of scholars
and various drag reduction researches were conducted. In laminar
flow, most studies were in microtube or micro-channel. Watanabe
and Akino [2] got a drag reduction of 14% by measuring the pres-
sure drop. Gruncell et al. [3] performeddirect numerical simulation
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BY license (http://creativecommons.org/licenses/by/4.0/).(DNS) and found that the special surfaces could cause the delay of
boundary transition and thus getting a drag reduction efficiency of
50%. Although the results in laminar flows are pretty consistent,
there exists discrepancy in turbulent flow. Some studies exhibited
drag reduction in TBL, but some indicated no such effect. Min and
Kim [4] analyzed several wall boundary conditions by DNS and
found the effect of superhydrophobic surfaces for turbulent bound-
ary layer (TBL) was actually a combination of two anisotropic mu-
tual influences by the geometry of the surface roughness, that the
streamwise slip is conducive to drag reduction but the spanwise
slip could cause the anti-drag reduction.
The mechanism of drag reduction in turbulent flow over su-
perhydrophobic surfaces still remains an open problem with its
great potential applications. At present, few experimental research
in centimetre-scale were reported. In this paper, a time-resolved
particle image velocimetry (TRPIV) system was employed to in-
vestigate the mechanism and the influence caused by a large-scale
superhydrophobic test surfaces. The emphases are focused on the
changed characteristic of coherent structure in drag-reduced TBL
by the presence of superhydrophobic surface.
Experimental setup and apparatus The contrast experiments be-
tween hydrophilic plate and superhydrophobic plate have been
conducted in an open circulating water channel in Tianjin Univer-
sity, while the two replaceable plates are equal in size of 200 mm
iety of Theoretical and Applied Mechanics. This is an open access article under the CC
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Flow parameters of the TBL over superhydrophobic and hydrophilic surfaces.
Ue/(m s−1) uτ /(m s−1) τw/(kg m−1 s−2) Cf η
Superhydrophobic surface 0.175 0.007871 0.061734 0.004041 10.1%
Hydrophilic surface 0.170 0.008064 0.064796 0.004497 –× 200mm×15mm. The test section of channel is 5.4m long, 0.3m
high, and 0.25 m wide. The flat plate with superhydrophobic sur-
face, which has micro–nano dual-scale structures [5], was fabri-
cated by Tsinghua University. Based on the result of contact angle
measuring device (JC2000CD1), static contact angle was 161° and
contact angle hysteresis was 0.9°.
Figure 1 shows the schematic of experimental setup. The TBL
was generated by a trip wire which was attached to the leading-
edge of the plate. The free-coming stream velocity was 0.17 m/s. A
CMOS camera (1280pixels×1024pixels) recorded 6001 images for
hydrophilic plate and another 6001 images for superhydrophobic
plate with the sampling frequency was 500 Hz. The size of flow
image is 56.6mm×45.1mm(streamwise length×normal height).
The interrogate window for correlation is 32 pixels × 32 pixels,
and the overlap rate is 75%. 157 × 125 velocity vectors with the
spacing of 0.3585 mm are reconstructed for each image. Although
the velocity informationof nearwall points has a kindof inaccuracy
for wall surface effect by the PIV technique. After subtracting wall-
normal distance of wall position, the closest point is obtained,
which is 0.3181 mm above the wall and corresponds to y+ ≈ 3.
The flow image processing method The idea of multi-scales and
local averaged velocity structure function proposed by Liu and
Jiang [6] was gradually adopted for detecting coherent structure
in TBL. Tian et al. [7] extended this concept into the research of
spatial topological mode of coherent structure with three velocity
component. Based on the spatial local-averaged velocity structure
function, a new detection criterion was introduced to educe
the spatial topological mode of coherent structures in TBL. TheFig. 2. Mean velocity profile in TBL over superhydrophobic and hydrophilic
surfaces.
spatial local-averaged structure function for streamwise velocity
component in streamwise direction is defined as
δux(x0, l) = u(x, y, z)x∈[x0,x0+l] − u(x, y, z)x∈[x0−l,x0]. (1)
δux(x0, l) is the local-averaged streamwise velocity of an eddy in
scale 2l with center located at x0 in streamwise direction. Thus
the local-averaged streamwise velocity strain reveals the tensile
and compressive deformation of eddy structure located at x0
within scale 2l. A conditional eduction and segmentation algorithm
was developed. The conditional sampling criterion based on the
H. Tian et al. / Theoretical and Applied Mechanics Letters 5 (2015) 45–49 47Fig. 3. Contours of fluctuating velocity during ejection. (a) Streamwise for hydrophilic surface. (b) Streamwise for superhydrophobic surface. (c) Normal-wall for hydrophilic
surface. (d) Normal-wall for superhydrophobic surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)streamwise–streamwise spatial local-averaged velocity structure
function can be defined as
D(b, l) =

1 (ejection), δux(b, l) < 0, δux(b, l) = max |δux(x0, l)|,
−1 (sweep), δux(b, l) > 0, δux(b, l) = max |δux(x0, l)|,
0, otherwise,
(2)
where D(b, l) is the detection function with l the spatial scale in
streamwise direction and b is the spatial location in streamwise
direction.
It detects δux(x0, l) along streamwise direction at each wall-
normal layer for which satisfies the detection condition. Then a
square area with 32 × 32 (x × y) grid sizes, which corresponding
to 11.5 mm × 11.5 mm ≈ 108 WU (wall units) × 108 WU in two
cases, centered at the detected point with a physical quantity was
cut out from the instantaneous flow field.
Spatial topology modes of physical quantities of coherent
structure, such as fluctuating velocity, velocity gradient, velocity
strain rate and vorticity, are obtained by 2D spatial phase-lockedaverage method across these sampled squares.
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while D(bi, l) = −1,
(3)
⟨⟩ represents the samples ensemble average, and f (x, l) is the
wondering physical quantities which respectively stands for
fluctuating velocity, velocity strain rate or fluctuating vorticity. N
is the number of ejection events and M is the number of sweep
events.
Results and discussion
The statistic parameters of the TBL over superhydrophobic
and hydrophilic surface plates are listed in Table 1. It should be
noted that the running status of water channel in the experiment
was stable. Through the comparison, the free-stream velocity Ue
over superhydrophobic surface is a little higher than that of the
48 H. Tian et al. / Theoretical and Applied Mechanics Letters 5 (2015) 45–49Fig. 4. Contours of spanwise vorticity during ejection. (a) Hydrophilic surface. (b) Superhydrophobic surface.Fig. 5. Contours of Reynolds shear stress during ejection. (a) Hydrophilic surface. (b) Superhydrophobic surface.hydrophilic one for the same power. This shows that the existence
of superhydrophobic surface reduces the skin friction drag in
turbulent boundary layer flow and increases mainstream velocity.
τw stands for wall shear stress and cf is the skin friction coefficient.
Finally, the drag reduction rate η is approximately 10.1%.
Figure 2 compares the streamwise mean velocity profile of su-
perhydrophobic surface and hydrophilic surface. The logarithmic
law profile of streamwise mean velocity can be expressed as u+ =
A ln y+ + B, in which y+ = yuτ/ν and u+ = u¯/uτ , where uτ is
wall friction velocity and ν represents the kinematic viscosity. For
hydrophilic case, A, B, and uτ are calculated by Newton iterative,
whose process was fully discussed by Fan and Jiang [8]. Few re-
lated superhydrophobic experimental analyses were reported, so
it is not clear that whether the above method is suitable for the
superhydrophobic case. Still, two lessons emerged from the DNS
results of Min and Kim [4]. (1) The streamwise slip of superhy-
drophobic surface yields an upward shift of streamwise velocity
profiles normalized by the wall friction velocity. (2) The drag re-
duction is a combined action of streamwise slip and spanwise slip
and the streamwise slip plays a leading role in drag reduction case.
In order to simplify the problem, we consider the streamwise slip
only. In other words, after calculated value A of hydrophilic case,
the value A of superhydrophobic remains the same. Finally, the
above method calculated B and uτ of superhydrophobic case withlimited applicability. It is obvious that the value of B over superhy-
drophobic surface is higher than the hydrophilic case. This shows a
trend that the log-law layer is lifted up from thewall over superhy-
drophobic surface by the thickening of buffer layer, which agrees
with the results of DNS [4,9].
The local averaged velocity structure function was employed
to decompose the velocity vector into multi-scales. After condi-
tional sampling detection by Eq. (2) and spatial phase-lock av-
eraging by Eq. (3), the spatial topological coherent structure of
physical quantities including the fluctuation velocity, vorticity, and
Reynolds shear stress during the ejection and sweep process are
obtained with the spatial scale corresponds to 5.74 mm in stream-
wise and normal-wall direction. Contours of streamwise fluctuat-
ing velocity, normal-wall fluctuating velocity, spanwise vorticity,
and Reynolds shear stress during eject events in both cases are
shown in Figs. 3–5, respectively.
Compared with the blue regions for the low-speed fluids
of both cases in Fig. 3, the superhydrophobic surface reduces
the magnitude of the streamwise fluctuation velocity u′ < 0
and the normal-wall fluctuation velocity v′ > 0 during the
low-speed fluids eject. The angle of fluctuating velocity vectors
down from the x axis over hydrophilic surface is larger than
the situation of superhydrophobic surface. It indicates that the
superhydrophobic surface weakened the strength of eject events.
H. Tian et al. / Theoretical and Applied Mechanics Letters 5 (2015) 45–49 49In Fig. 4, the strength of spanwise vorticity ω3 is also decreased
by the superhydrophobic surface. Moreover, the contour map of
Reynolds shear stress, which is thought to be a vital source of the
turbulence production, was also shown in Fig. 5. Apparently, the
strength of Reynolds shear stress over superhydrophobic surface
is about one order smaller than that of the hydrophilic case. These
results indicate that the existence of superhydrophobic surface
greatly depresses the burst events of coherent structures.
In summary, current research implies that the superhydropho-
bic surface can achieve drag reduction for macroscopic-scale TBL.
Despite the process of getting the streamwise velocity profiles nor-
malized by the wall friction velocity has the applicability of un-
certainty in superhydrophobic case, the superhydrophobic surface
produces a result that the log-law layer is lifted up and buffer layer
is thicken which was accompanied by a little increase of main-
stream velocity. The most important features of turbulent coher-
ent structure associated with the burst events were well captured
by conditional sampling and spatial phase-lock average methods.
The conditionally averaged fluctuating velocity, spanwise vortic-
ity, and Reynolds shear stress for coherent structure burst are
decreased by the superhydrophobic surface, indicating that the
suppression of coherent structure burst in the near-wall region is
the key mechanism in reducing the skin friction drag for TBL over
superhydrophobic surface.
Acknowledgments
This work was supported by the National Natural Sci-
ence Foundation of China (11272233, 11272176, 11411130150,and 11332006 (key project)), National Basic Research Program
(973Program) (2012CB720101 and 2012CB720103).
References
[1] B. Bhushan, Y.C. Jung, Wetting, adhesion and friction of superhydrophobic
and hydrophilic leaves and fabricated micro/nanopatterned surfaces, J.
Phys. Condens. Matter 20 (2008) 225010, http://dx.doi.org/10.1088/0953-
8984/20/22/225010.
[2] K. Watanabe, T. Akino, Drag reduction in laminar flow between two vertical
coaxial cylinders, J. Fluids Eng. 121 (1999) 541–547. http://dx.doi.org/10.1115/
1.2823502.
[3] R.K. Gruncell, D. Sandham, G. Mchale, Simulation of laminar flow past a
superhydrophobic sphere with drag reduction and separation delay, Phys.
Fluids 25 (2013) 043601, http://dx.doi.org/10.1063/1.4801450.
[4] T. Min, J. Kim, Effects of hydrophobic surface on skin-friction drag, Phys. Fluids
16 (2004) 55–58, http://dx.doi.org/10.1063/1.1755723.
[5] S. Lu, Z.H. Yao, P.F. Hao, C.S. Fu, Drag reduction in turbulent flows over
superhydrophobic surfaces with micro-nano textures, Mech. Eng. 35 (2013)
20–24, http://dx.doi.org/10.6052/1000-0879-13-098. (in Chinese).
[6] W. Liu, N. Jiang, There kinds of velocity structure function in turbulent
flows, Chin. Phys. Lett. 21 (2004) 1989–1992, http://iopscience.iop.org/0256-
307X/21/10/035. (in Chinese).
[7] H.P. Tian, S.Q. Yang, L. Cheng, Y. Wang, N. Jiang, Antisymmetric quadrupole
mode of coherent structures in wall-bounded turbulence, Theoret. Appl. Mech.
Lett. 3 (2013) 052002, http://dx.doi.org/10.1063/2.1305202.
[8] X. Fan, N. Jiang, Skin friction measurement in turbulent boundary
layer by mean velocity profile method, Mech. Eng. 27 (2005) 28–30,
http://dx.doi.org/10.6052/1000-0992-2004-213. (in Chinese).
[9] K. Fukagate, N. Kasagi, A theoretical prediction of friction drag reduction in
turbulent flow by superhydrophobic surfaces, Phys. Fluids 18 (2006) 051703,
http://dx.doi.org/10.1063/1.2205307.
